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Power  electronics  DC-DC  converters  are  being  widely  used  in  various  applications  like  hybrid  energy  systems, 
hybrid  vehicles,  aerospace,  satellite  applications  and  portable  electronics  devices.  In  the  recent  past,  a  lot  of 
research  and  development  has  been  carried  out  to  enhance  the  reliability,  efficiency,  modularity  and  cost 
effectiveness  of  these  converters.  A  number  of  new  topologies  have  been  proposed  and  new  characteristics  of 
power  conversion  have  been  defined.  DC-DC  converters  have  made  a  successful  transition  from  single  input- 
single  output  to  multiinput-multioutput  converters.  These  converters  are  now  able  to  interface  different  level 
inputs  and  combine  their  advantages  to  feed  the  different  level  of  outputs.  Research  is  continued  to  bring  down 
the  cost  and  reduce  the  number  of  components  while  keeping  the  continuous  improvement  in  the  areas  like 
reliability  and  efficiency  of  the  overall  system.  The  study  of  different  multiinput  DC-DC  converter  topologies 
suggests  that  there  is  no  single  topology  which  can  handle  the  entire  goals  of  cost,  reliability,  flexibility, 
efficiency  and  modularity  single  handed.  This  paper  presents  some  of  the  recent  trends  in  the  development  of 
multiinput  and  multioutput  DC-DC  converters.  Methods  to  synthesize  multiinput  converters,  their  operational 
principles,  merits  and  demerits  are  studied. 
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1.  Introduction 

Recent  developments  in  renewable  energy  based  power  systems, 
hybrid  vehicles,  aerospace  systems,  renewable  energy  based  smart 
grids  and  hand  held  portable  devices  have  brought  challenges  to 
design  new  DC-DC  power  conversion  systems.  This  new  systems  will 
be  composed  of  several  input  energy  sources,  integrated  through  a 
multiinput  power  electronics  converters  that  could  accommodate  a 
variety  of  input  sources  and  combine  their  advantages  to  deliver  a 
controlled  output  for  diversified  applications.  Two  structures  for  DC- 
DC  conversion  have  been  reported  in  the  literature.  In  the  conven¬ 
tional  structure,  as  shown  in  Fig.  1,  multiple  sources  are  combined  at  a 
common  DC  bus  and  separate  DC-DC  conversion  stages  are  employed 
for  individual  sources  and  converters  are  controlled  independently 
[1,2],  In  some  cases  a  communication  bus  is  also  added  for  exchange  of 
information  between  sources.  This  structure  of  DC-DC  conversion  is 
used  in  grid  connected  and  standalone  hybrid  energy  systems  [3,4], 
As  this  system  involves  power  conversion  at  multiple  stages  and 
communication  devices  are  sometimes  required,  therefore  the  result¬ 
ing  cost  of  the  converter  is  on  higher  side.  The  independent  control  of 
several  converters  also  makes  the  system  complex. 


To  overcome  these  disadvantages,  a  multiport  structure  is 
adopted  as  shown  in  Fig.  2.  In  this  system,  the  whole  structure  is 
treated  as  a  single  power  converter,  which  combines  multiple 
sources  and  the  power  regulation  is  performed  by  controllers.  Due 
to  their  simple  structure,  minimum  number  of  conversion  stages 
and  less  devices,  these  multiport  power  electronics  converters 
have  been  presented  for  a  number  of  applications  like  hybrid 
energy  systems  [5-7]  hybrid  vehicles  [8,9]  satellite/aerospace 
applications  and  uninterrupted  power  supplies  [10,11].  These  are 
further  divided  into  two  categories:  (a)  isolated  and 
(b)  nonisolated  converters.  Isolated  converters  [12,13]  are  used 
to  isolate  the  low  voltage  DC  side  from  high  voltage  side  to  avoid 
shock  hazard,  to  achieve  high  voltage  conversion,  for  voltage 
matching  and  to  avoid  large  current/voltage  rating  semiconductor 
devices.  High  frequency  transformers  are  used  for  this  purpose. 
But  the  disadvantage  of  this  system  is  that  it  needs  to  accommo¬ 
date  a  transformer  core  which  makes  it  bulky  and  in  terms 
increases  the  cost.  The  non-isolated  converters  on  the  other  hand 
are  simple  in  structure  and  are  used  where  the  galvanic  insulation 
between  source  and  load  is  not  required.  The  advantage  of  this 
topology  is  low  cost  due  to  less  number  of  components  and  it  can 
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Fig.  1.  Conventional  single-port  structure. 


Fig.  2.  Multiport  DC-DC  converter  structure. 
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achieve  high  power  density.  Non-isolated  converters  can  match 
the  input  impedance  of  source  and  the  output  impedance  of  load 
but  theses  converters  cannot  achieve  a  high  voltage 
conversion  ratio. 

In  this  paper  some  recent  development  trends  in  the  field  of 
multi-input  DC-DC  converter  topologies  for  renewable  energy 
system  applications  are  studied  and  presented.  Operational  prin¬ 
ciple,  advantages  and  disadvantages  of  multiinput  DC-DC  con¬ 
verters  are  discussed.  Rest  of  the  paper  is  divided  in  the  following 
sections: 

Section  2  presents  multiinput  non-isolated  DC-DC  converters. 

Section  3  presents  the  comparison  of  non-isolated  converters. 

Section  4  presents  multiinput  isolated  DC-DC  converters. 

Section  5  presents  challenges  and  future  work. 

Conclusions  are  drawn  in  Section  6. 


2.  Multiinput  non-isolated  DC-DC  converters 

2.1.  Dual  input-single  output  DC-DC  converters 

Dual  input-single  output  DC-DC  converters  are  proposed  and 
analyzed  for  a  high  and  a  low  voltage  source  in  [14-16]  as  shown 
in  Fig.  3.  This  converter  is  a  combination  of  the  buck-boost  and  the 
buck  converter.  Four  modes  of  operation  are  defined  which  are 
based  on  availability  of  input  voltage  sources  and  conduction  state 
of  their  respective  switches  (S}  and  S2).  Low  voltage  source  (V(ow) 
is  considered  as  the  primary  input  source  to  provide  the  base 
load  whereas  the  high  voltage  source  (Vhi)  caters  the  additional 
load  demand.  Input  voltage  sources  (individually  and  simulta¬ 
neously)  charge  the  inductor  during  the  ON  state  of  their 
respective  switches.  When  switches  are  ON,  the  diodes  are 
reverse  biased  and  when  the  switches  are  OFF,  diodes 
(D]  and  D2)  provide  the  path  for  discharge  of  inductor  current. 
Typical  waveforms  of  inductor  voltage  (VL),  inductor  current  (IL), 
and  gate  signals  (Vghi  and  Vgtow)  are  shown  in  Fig.  4.  If  one  of  the 
voltage  sources  is  not  available,  other  source  will  provide  energy 
to  the  load. 

The  input-output  voltage  relationship  is  derived  from  the  volt- 
second  balance  analysis  of  the  inductor  in  steady  state  conditions. 
The  output  voltage  ( V0 )  can  be  expressed  as 

Vo=T^kv"+T^Vb*  (1) 

where  dj  and  d2  are  the  duty  ratios  of  switches  S]  and  S2 
respectively.  To  minimize  the  switching  loss  and  to  improve  the 
overall  efficiency,  a  passive  lossless  switching  is  added  in  the 


circuit.  Control  scheme  of  the  proposed  converter  along  with 
detailed  analytical  and  experimental  results  are  presented. 

A  topology  with  n-numbered  inputs  based  on  buck-boost 
converter  is  proposed  in  [17]  as  shown  in  Fig.  5.  This  converter 
has  reduced  the  circuit  components  but  its  drawback  is  negative 
reference  output  which  can  be  reversed  by  using  a  transformer, 
which  adds  to  the  cost  and  size  of  the  topology.  The  converter 
operates  in  one  direction  and  another  converter  is  required  for 
bidirectional  operation.  Another  drawback  of  this  topology  is  that 
only  one  source  can  deliver  the  power  at  a  time.  These  drawbacks 
are  removed  by  a  bidirectional  multiinput  DC-DC  converter 
topology,  introduced  in  [18]  as  shown  in  Fig.  6.  In  addition  to  the 
advantages  described  in  [17],  this  topology  provides  positive 
output  voltage  without  any  additional  transformer.  It  can  also 
operate  in  bidirectional  mode  without  the  requirement  of  any 
additional  converter.  It  operates  in  three  modes  i.e.  buck,  boost, 
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and  buck-boost.  But  the  number  of  devices  has  increased  which 
increases  the  conduction  losses  and  also  makes  the  converter 
costly.  The  conduction  losses  of  switches  in  dual  power  state  can 
be  greatly  reduced  in  the  boost  converter  proposed  in  [19],  In  this 
topology  bidirectional  operation  is  achieved  by  applying  less 
number  of  controllable  switches.  However  the  reverse  recovery 
current  in  output  diode  reduces  the  overall  efficiency  of  the 
converter.  The  issue  is  addressed  in  a  Zero  Voltage  Switching 
multi-input  converter  investigated  in  [20].  This  converter  utilizes 
current  sources  at  input.  Conduction  losses  of  the  switches  are 
reduced  due  to  series  of  connected  input  cells  and  Pulse  Width 
Modulated  (PWM)  signals  in  the  dual-power-supply  state.  An 
auxiliary  circuit  is  added  in  the  discontinuous  conduction  mode 
(DCM)  to  achieve  turn-on  zero  voltage  switching  of  all  switches. 
Reverse-recovery  current  of  the  output  diode  in  boost  converter  is 
removed  by  an  auxiliary  inductor  connected  in  series  with 
Schottky  diode.  In  this  converter,  two  power  sources  with  different 
voltage  levels  are  converted  to  a  single  stable  DC  output.  Another 
high-efficiency  ZVS  dual-input  converter  is  investigated  and 
experimentally  tested  in  [21],  utilizing  zero  current  switching  turn 
OFF  of  all  active  switches  by  a  modified  auxiliary  cell  proposed  in 
[22],  The  reverse-recovery  currents  of  the  diodes  and  the  switch¬ 
ing  losses  of  the  switches  are  reduced.  The  overall  efficiency  of 
more  than  95%  has  been  achieved  and  this  converter  can  be  used 
for  high  voltage  applications.  However  this  converter  can  induce 
electromagnetic  interference  (EMI)  problems  if  used  for  non¬ 
isolated  photo  voltaic  (PV)  applications. 

Two  topologies  like  integrated  buck-buck  (Fig.  7)  and  inte¬ 
grated  buck  boost-buck  boost  (Fig.  9)  are  presented  in  [23,24],  The 
former  topology  is  able  to  deliver  the  output  power  individually 
and  simultaneously  with  both  the  sources  whereas  in  the  later 
topology  voltage  sources  are  unable  to  feed  the  load  simulta¬ 
neously.  The  following  four  modes  of  operation  are  defined  for 
buck-buck  converter  topology  (Fig.  7)  depending  on  the  condition 
of  switches.  Typical  current  and  voltage  waveforms  are  shown  in 
Fig.  8. 

Mode  I  [Mi :  ON /JVf2:  OFF]:  As  Mi  conducts  in  this  mode 
therefore  diode  Di  is  reverse  biased  whereas  diode  D2  provides 
a  bypass  path  for  inductor  current  IL.  Voltage  source  Vi 
provides  power  to  inductor  and  the  load. 

Mode  II  [Mj:  ON/M2:  ON]  both  the  switches  are  conducting  and 
both  the  diodes  are  blocking.  Both  the  voltage  sources  con¬ 
nected  in  series  and  both  energize  inductor  and  provide  energy 
demand  for  load. 

Mode  III  [Mim.  OFF /1W2:  ON]:  In  this  mode  switch  M2  and  diode 
Di  are  in  the  state  of  conduction  while  diode  D2  is  OFF.  Voltage 


dlTs 
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Fig.  8.  Typical  waveforms  of  dual  input  buck-buck  converter. 

source  V2  is  responsible  to  energize  inductor  and  powers  up 
the  load. 

Mode  IV  [Mi\  OFF /JVf2:  OFF]  As  both  the  switches  are  OFF 
therefore  the  diodes  Di  and  D2  provide  the  path  for  flow  of 
current  and  the  inductor  discharges  to  release  stored  energy  to 
the  load.  If  a  single  source  operates,  the  power  conversion 
operation  is  same  as  in  the  conventional  buck  converter.  By 
applying  volt-second  balance  theorem,  the  input-output  vol¬ 
tage  relation  can  be  obtained  and  is  given  by 

V0=Vidi+V2d2  (2) 

where  di  and  d2  are  the  duty  ratios  of  switches  S!  and  S2, 
respectively  and  V0  is  the  output  voltage. 
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In  the  topologies  reported  from  [12-24],  the  method  of  devel¬ 
oping  dual  or  multiinput  converters  from  single  input  converter 
has  not  been  explained.  This  method  is  explained  in  detail  in 
[25,26],  In  this  work,  the  concept  of  the  pulsating  voltage-source 
cell  (PVSC)  and  the  pulsating  current-source  cell  (PCSC)  has  been 
introduced.  These  pulsating  source  cells  (PSCs)  are  extracted  from 
the  six  basic  non-isolated  converters  like  buck,  boost,  buck-boost, 
Cuk,  Zeta,  and  SEPIC  converters.  Two  families  of  multiinput 
converters  (MICs)  have  been  generated  by  inserting  these  PSCs 
into  the  six  basic  non-isolated  converters.  The  input  sources  of  the 
generated  non-isolated  MICs  can  transfer  energy  to  the  load 
individually  or  simultaneously.  However  the  topologies  with 
time-multiplexing  control  scheme  are  not  considered  in  this 
approach.  Feasible  topologies  of  multiinput  DC-DC  converters 
based  on  some  conditions,  assumptions  and  restrictions  are 
identified  and  several  multiinput  converters  are  derived  with  time 
multiplexing  control  scheme  [27],  Multiinput  converters  (MICs) 
are  also  synthesized  by  using  six  basic  pulse  width  modulated 
DC-DC  converters  by  a  systematic  method  [28],  Two  types  of  MICs 
are  considered  one  which  allows  only  single  source  to  transfer 
power  to  output  load  at  a  time,  and  the  other  allows  both  the  input 
sources  to  deliver  energy  to  output  load  either  individually  or 
simultaneously.  The  basic  cells  for  constructing  DC-DC  converters 
have  been  discussed  first  and  then  basic  pulsating  voltage  source 
cells  and,  basic  pulsating  current  source  cells,  and  hybrid  pulsating 
source  cells  (PSCs)  are  proposed  and  the  rules  for  connecting  PSCs 
are  defined  and  finally  two  families  of  MICs  are  developed. 

Muntean  et  al.  [29]  proposed  a  hybrid  multi-input  DC-DC 
converter  for  high  step-down  conversion  voltage  ratio.  In  this 
topology,  the  output  voltage  can  vary  in  a  wider  range.  The 
proposed  dual  input  hybrid  DC-DC  converters  are  obtained  using 
hybrid  and  classical  buck  structures.  The  output/input  relationship 
is  given  as 

V°-2-^V<+2?TSVi  ""  ® 

V°~  2%iV'+ 2%iV>  M' 

where  V0  is  the  output  voltage,  Vi  and  V2  are  the  input  voltages 
for  sources  1  and  2  and  D]  and  D2  are  the  duty  ratios  of  the 
switches.  The  output  voltage  in  this  topology  is  reduced  by  a  factor 
(2  -D2),  which  is  lower  than  that  of  the  normal  buck  converter. 
Similar  approach  has  been  adopted  in  [30,31]  using  a  multiinput 
hybrid  buck  LC  converter  for  a  standalone  small  hybrid  wind 
turbine  and  PV  with  battery  storage  system.  Analysis,  simulations, 
and  experimental  results  show  that  this  topology  has  the  advan¬ 
tage  of  a  high  input  to  output  voltage  conversion  ratio  without 
using  a  transformer,  which  facilitates  the  connection  of  a  low 
voltage  battery  to  the  renewable  sources  at  a  higher  voltage.  Three 
operating  modes  have  been  discussed  and  the  results  show  that 
the  system  operation  is  stable  in  each  operating  mode.  However 
efficiency  of  the  converter  has  not  been  taken  into  account  in  the 
experiments. 

Kumaravel  and  Ashok  [32]  proposed  a  multiinput  power 
conditioner  with  two  input  and  one  output  DC-DC  boost  converter 
for  a  hybrid  electric  system.  The  proposed  system  overcomes 
capacitor  voltage  imbalance  problem  associated  with  single 
sourced  converters.  This  converter  has  the  advantages  like  lower 
voltage  stress  on  the  power  switch  employed  in  DC-DC  converter, 
less  switching  loss  of  the  switch,  regulated  output  and  can  deliver 
reliable  output  power.  Simulation  has  been  carried  out  using  the 
real  weather  data.  The  obtained  results  show  that  the  topology  can 
be  highly  beneficial  in  renewable  energy  applications.  A  multi¬ 
input  DC-DC  converter  is  proposed  with  the  integration  of  Cuk 
and  SEPIC  converters  in  [1].  The  advantages  of  this  topology  are 


Fig.  10.  Single  input-dual  output  buck  converter. 


there  is  no  need  of  separate  input  filters,  can  support  step  up/ 
down  operations  for  each  renewable  energy  source,  can  ensure 
maximum  power  point  tracking  (MPPT)  for  each  source  and 
supports  individual  and  simultaneous  operation  modes. 


2.2.  Single  input-dual  output  DC-DC  converters 

Single  input-dual  output  converters  (SIDO)  are  being  used  in 
portable  applications  like  digital  cameras,  cellular  phones,  hand 
held  devices,  MP3  players,  etc.  [33],  Several  SIDO  converters  have 
been  reported  in  the  literature.  Fig.  10  shows  a  circuit  diagram 
of  a  SIDO  converter.  Q,  and  Q2  are  the  controlled  switches,  Vin  is 
the  input  voltage,  l/0i  and  V02  are  the  two  output  voltages,  DA  and 
Db  are  diodes.  Three  classes  are  investigated  in  continuous  con¬ 
duction  mode  depending  on  input-output  voltages,  duty  cycles  d 
and  d2  of  respective  switches  [34,35], 

Class-1:  di  >  d2 

In  this  case,  during  time  period  tj,  both  the  switches  are 
turned  ON.  The  inductor  is  charged  with  the  current 
IL=  ( Vi„  -  V/0i)/E  and  the  diode  DB  is  reverse  biased  due  to 
the  fact  Vo2  >  V0l.  During  the  next  time  period  t2,  is  still 
on  but  Q2  is  turned  OFF,  the  inductor  current  ramps  up  with 
the  slope  ( Vin —  Vo2)/L  and  flows  through  diode  DB  to  the 
output  Vo2.  During  the  time  period  f3  when  both  Q]  and  Q2  are 
off,  the  inductor  current  IL  flows  through  both  the  diodes  DA 
and  DB  and  discharges  through  Vo2.  In  this  class  of  operation, 
the  inductor  is  charged  through  two  periods  and  is  discharged 
to  output  load  R2  in  the  last  period. 
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Class-2:  d]  =  d2 

In  this  case  both  the  switches  are  turned  ON.  The  inductor  is 
charged  with  the  current  lL  =  ( Vin  -  V0l)/L  and  the  diode  DB  is 
reverse  biased  due  to  the  fact  Vo2  >  V0l .  In  the  next  time 
duration,  when  both  Q!  and  Q2  are  turned  OFF,  the  inductor 
current  flows  through  both  diodes  and  discharges  to  output 
Vo2.  In  this  class  of  operation,  the  inductor  is  charged  through 
one  period  and  is  discharged  to  output  voltage  in  the  last 
period. 

Class-3:  d j  <  d2 

Both  the  switches  are  ON  during  the  time  period  ti.  The 
inductor  is  charged  with  the  current  IL=  ( Vin  -  V0l)/L  and 
the  diode  Ds  is  reverse  biased  due  to  the  fact  Vo2  >  \/0l . 
During  the  time  period  t2,  switch  Q2  is  still  on  but  Q]  is  turned 
OFF.  The  inductor  current  flows  down  to  V0l  with  the  slope  of 
V0l/L  through  diode  DA.  During  the  time  period  t3,  both  Qj  and 
Q2  are  off,  the  inductor  current  flows  through  diodes  DA  and  DB 
with  the  slope  Vo2/L  In  short,  when  the  switch  Qjis  in  ON 
state,  energy  is  stored  in  the  inductor;  when  Q]  is  in  OFF  state, 
power  is  delivered  to  one  of  the  outputs,  depending  on  the 
state  of  switch  Q2. 


Ll 


Fig.  12.  Single  input-double  output  unidirectional  buck  converter. 


inductor  multioutput  buck  converter  with  two  outputs  Vm  and 
V02  is  shown  in  Fig.  11.  These  output  voltages  are  regulated  by 
adjustment  of  duty  cycles  d 3  and  d2.  Steady  state  output  input 
relation  is  given  by: 


Three  different  methods  of  converting  single  out  put  converter 
to  dual  output  converter  are  discussed  and  compared  [34].  A 
simple  method  is  to  use  time  multiplexing  of  inductor  current.  In 
this  method  different  switches  conduct  inductor  current  to  their 
output  voltages  for  a  fraction  of  time.  In  the  other  method,  output 
energy  is  drawn  from  the  complementary  terminals  of  the 
inductor.  The  third  method  is  to  use  switched  nodes  to  charge 
capacitors.  A  family  of  single  input  multioutput  DC-DC  converters 
synthesized  from  boost  converter  for  step  up  and  step  down 
applications  is  presented  in  [36],  A  concept  of  single  energizing 
cycle  and  multiple  energizing  cycles  per  switching  period  for 
smooth  flow  of  energy  is  discussed  in  [37],  Design  and  control  of 
a  dual  output  buck  converter  is  explained  in  [38],  In  this  approach, 
the  number  of  switches  is  reduced  thus  reducing  the  overall 
cost  of  the  converter.  The  problems  like  large  ripple  and  cross 
regulation  of  output  voltages  associated  with  single  inductor  dual 
output  buck  converter  have  been  addressed  and  methods  to 
supress  these  problems  have  been  discussed  in  [39],  A  single 


Vo.i  d^d2R] _ 

Vin  ~  d]R i+(l-  d2)2R2 

V o,2  _  di(l  -  d2)R2 
Vm  ~  d2k,+(  1-  d2)2R2 

and  duty  cycles  are  determined  by 


(5) 

(6) 


(7) 


A  Vo,i[d2R\  +(1  -  d2)  R2] 

“2  = - J  D -  (o) 

Vind2R] 

The  main  focus  of  this  approach  to  reduce  cross  regulation 
problem  by  using  a  multivariable  digital  controller  [40].  Satisfac¬ 
tory  performance  of  this  controller  is  verified  by  simulation  and 
experimental  results.  Design  methodologies  of  a  multi-output 
converter  are  presented  and  verified  for  four  output  converter 
with  86%  efficiency.  These  methodologies  are  claimed  to  be 
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suitable  for  unlimited  number  of  outputs  [41  ].  A  model,  design  and 
control  of  a  dual  output  buck  converter  with  reduced  devices  and 
unidirectional/bidirectional  characteristics  for  motor  drive  system 
applications  is  presented  [42,43]  as  shown  in  Figs.  12  and  13. 
Simulation  and  experimental  results  are  provided  to  prove  better 
power  loss  distribution  and  high  efficiency  with  low  count 


Ll 


Fig.  13.  Single  input-double  output  bidirectional  buck  converter. 


switching  devices.  The  drawback  of  this  converter  is  that  it 
requires  high  current  rating  switches  as  compared  to  the  con¬ 
verters  in  [36,37], 

2.3.  Multiinput-multioutput  converters 

A  multi-input-multi-output  buck-boost  DC-DC  converter 
derived  from  buck-boost  converters  in  matrix  format  is  suggested 
in  [44],  This  converter  is  used  to  interface  DC  loads  and  various  DC 
input  sources  in  a  microgrid  on  controlled  power  sharing  concept. 
The  input  sources  are  used  in  various  range  of  power  and  voltage 
and  output  voltages  varies  from  the  values  lower  than  the 
minimum  input  or  greater  than  the  maximum  value.  Analysis 
with  simulation  results  has  been  presented.  Fig.  14  shows  the 
circuit  diagram  of  the  proposed  system.  The  number  of  inputs  and 
outputs  are  claimed  to  be  unlimited.  However  the  input  sources 
are  unable  to  power  up  outputs  simultaneously. 

Three  port  converters  have  attracted  interest  in  the  recent 
research.  A  typical  three  port  converter  consists  of  a  voltage  source 
port,  a  storage  unit  port  and  an  output  or  load  port.  This  converter 
can  operate  in  three  modes  i.e.  dual  input,  dual  output  and  single 
input-single  output  mode.  It  acts  as  a  dual  input  converter  if  both 
battery  and  input  source  are  delivering  the  power  to  the  load. 


VLf 

Lr  iLf 


Fig.  15.  Three  port  converter. 
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If  the  power  is  consumed  by  the  load  and  battery,  the  converter  is 
in  its  dual  output  state.  Input  source  or  battery  can  power  up  the 
load  in  single  input-single  output  mode.  This  topology  has 
advantages  like  high  efficiency,  compact  size,  reliability  and  good 
power  management.  Due  to  these  advantages  these  are  widely 
used  in  renewable  energy  systems.  A  non-isolated  three-port 
converter  to  interface  PV,  battery  and  load  is  presented  in  [45], 
With  less  conversion  stages,  higher  power  density  and  reliability 
are  achieved  and  are  verified  by  experimental  results.  A  family  of 
non-isolated  three  port  converters  is  introduced  in  [46,47],  These 
three  port  converters  are  generated  by  introducing  a  single  input- 
single  output  converter  in  a  dual  input  or  dual  output  converters. 
Method  to  systematically  derive  multi-port  converter  with  DC  link 
inductor  concept  is  presented  in  [48]  and  a  family  of  multi-port 
converter  topology  is  presented.  Another  systematic  approach  for 
derivation  of  three  port  converters  from  dual  input  and  dual 
output  converters  is  explained  in  [49],  Several  three  port  converter 
topologies  (TPC)  have  been  generated  by  this  procedure  and  a 
boost  type  TPC  as  shown  in  Fig.  15  is  analyzed  in  dual  input,  dual 
output  and  single  input-single  output  mode. 


2.3.3.  Dual  output  mode 

A  three  port  converter  in  dual  output  mode  is  shown  in  Fig.  16. 
In  this  mode,  switch  S3  is  kept  OFF.  Three  switching  states  are 
explained  in  one  switching  period.  Current  and  voltage  waveforms 
are  shown  in  Fig.  17. 


Switching  State  1:  switch  S!  is  ON  and  S2  is  OFF.  Inductor  Lf 
absorbs  energy  from  input  voltage  Vin  and  its  current  ILf 
increases. 


d,Lf  Vin 

dt  Lf 


(9) 


Switching  State  II:  switch  St  is  OFF  and  S2  is  ON.  Battery  is 
charged  by  both  Vin  and  inductor  Lf  and  its  current  ILf 
decreases. 


dkL=  Vin -  Vb 

dt  Lf 


(10) 


Switching  State  III:  both  the  Switches  are  OFF.  Load  is  powered 
by  Vin  and  release  of  energy  by  inductor  Lf  and  its  current  ILf 
decreases. 


dkL=  Vin-  Vo 

dt  Lf 


(ID 


By  applying  inductor  volt-second  balance  theorem  on  inductor 
in  steady  state  continuous-conduction  mode  we  get  the  input 


output  voltage  relationship  as 

(VLfhs  =  Vin-  VbD2-  V„(l-  D,-D2)  =  0 

Vin  =  V„(I-DD-  VbD2 
or 

V,n-  VbD2 


V0  = 


or 


Vh  = 


1  —  Di  —  D2 


V  in  —  VoCl-Dt-D2) 

d2 


(12) 

(13) 

(14) 

(15) 


where  Dj  and  D2  are  the  duty  cycles  of  the  switches  St  and  S2, 
respectively,  Vb  is  the  battery  voltage  and  V0  is  output  voltage. 


Fig.  17.  Typical  waveforms  of  three  port  converter  in  dual  output  mode. 


Lf  ILf 


Fig.  16.  Equivalent  circuit  of  three  port  converter  in  dual  output  mode. 
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Fig.  19.  Typical  waveforms  of  a  three  port  converter  in  dual  input  mode. 


2.3.2.  Dual  input  mode 

A  three  port  converter  in  dual  output  mode  is  shown  in  Fig.  18. 
Four  switching  states  are  explained  in  one  switching  period. 
Voltage  and  current  waveforms  are  shown  in  Fig.  19. 


Switching  State  I:  switch  S]  and  S3  are  ON.  Inductor  Lf  absorbs 
energy  from  battery  voltage  Vb  and  its  current  IL  increases. 


dkf  =  V, 

dt  Lf 


06) 


Switching  State  II:  switch  St  is  ON  and  S3  is  OFF.  Inductor  Lf 
absorbs  energy  from  input  voltage  Vin  and  its  current  ILf 


increases. 


dhf_ 

dt  Lf 


(17) 


Switching  State  III:  switch  S!  is  OFF  and  S3  is  ON.  Load  is 
powered  by  Vb  and  release  of  energy  by  inductor  Lf  and  its 
current  If  decreases. 


dhf_  Vb -  Vc 

dt  Lf 


(18) 


Switching  State  IV:  both  the  switches  are  OFF.  Load  is  powered 
by  Vin  and  release  of  energy  by  the  inductor  Lf  and  its  current 
ILf  decreases. 


dhf_  Vin-  Vo 
dt  Lf 


(19) 


By  applying  inductor  volt-second  balance  theorem  on  inductor 
in  steady  state  continuous-conduction  mode  we  get  the  input- 
output  voltage  relationship  as 


Vin 


Vq(1  -  Dj)-  VbD3 

1  -D3 


(20) 


V0  =  - 


Vjn(l  —  D3)  —  VbD3 


1-  D, 


(21) 


2.3.3.  Single  input-single  output  mode 

The  equivalent  circuit  in  the  single  input-single  output  mode  is 
shown  in  Fig.  20.  In  this  mode  switch  S2  is  kept  OFF  and  S3  is  kept 
ON.  The  battery  supplies  the  load  alone  and  converter  acts  as  a 
conventional  boost  converter. 

A  multiinput  DC-DC  boost  converter  combining  the  multiple 
sources  in  a  unified  structure  with  five  switching  periods  is 
introduced  in  [50].  This  system  is  also  capable  of  providing 
reactive  power  to  the  load  and  grid.  Different  features  have  been 
verified  by  simulation  results.  A  three-input  DC-DC  boost  con¬ 
verter  (Fig.  21)  is  presented  in  [51].  It  has  one  bidirectional  port  in 
addition  to  two  one  directional  input  ports.  This  topology  has  been 
reported  useful  for  integration  of  hybrid  energy  system  having 
storage  element  and  supplying  the  load  individually  or  simulta¬ 
neously.  Four  power  switches  are  used  with  independent  control 
and  different  duty  cycles  to  provide  regulated  output.  The  validity 
of  this  converter  and  control  system  has  been  verified  by  simula¬ 
tion  and  experimental  results  for  different  conditions  of  operation. 
Simulation  results  show  good  transient  and  steady  state  responses 
of  the  converter  with  respect  to  step  changes  in  generation  and 
the  load  requirement.  The  simulation  results  have  been  verified 
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Table  1 

Comparison  of  multiinput  DC-DC  converter  topologies. 


Topology 

Cost 

Reliability 

Flexibility 

Efficiency 

MI  buck 

** 

** 

** 

MI  boost 

*** 

** 

MI  buck-boost 

* 

* 

** 

* 

MI  Cuk 

* 

* 

* 

MI  SEPIC 

* 

* 

** 

by  a  low  power  prototype  with  an  acceptable  efficiency.  A  single 
inductor  multiinput-multioutput  DC-DC  boost  converter  for 
hybrid  electric  vehicles  is  proposed  by  Nahavandi  et  al.  [52],  The 
converter  has  multiinput-multioutput  interface  however  both  the 
input  sources  cannot  power  up  the  load  simultaneously.  A  single 
inductor  dual  input-dual  output  converter  considering  battery  as  a 
second  source  is  presented  in  [53],  However  battery  charging 
circuit  is  not  controlled  in  this  topology. 


3.  Comaprison  of  multiinput  non-isolated  DC-DC  converter 
topologies 

Each  non-isolated  DC-DC  converter  topology  has  its  own 
merits  and  demerits  therefore  there  are  no  specified  selection 
criteria  to  choose  any  specific  topology  for  any  particular 
application.  However  these  topologies  can  be  compared  under 
certain  characteristics  like  cost,  reliability,  flexibility  and 


efficiency.  The  comparison  is  made  only  on  the  bases  of  simple 
synthesized  topology.  Control  schemes  and  extra  cells  added  to 
achieve  additional  benefits  are  not  taken  into  account  in  this 
comparison. 

3.2.  Cost  of  converter 

The  expected  cost  of  the  converter  can  be  worked  out  by  the 
number  of  components  being  used  in  the  particular  topology. 
Multiinput  converters  share  the  components  in  their  input  and 
output  stages  therefore  they  have  advantage  of  less  cost  as 
compared  to  the  independent  single  input  converters.  Similarly 
non-isolated  converters  do  not  require  bulky  transformers  for 
input-output  isolation  therefore  their  cost  is  less  as  compared  to 
isolated  converters.  Among  non-isolated  topologies,  buck  and 
boost  converters  are  less  costly  as  compared  to  the  others  due  to 
less  number  of  components  in  their  circuitry.  Among  these  two 
topologies,  boost  converters  have  an  edge  over  the  buck.  Xiao  et  al. 
[54]  found  that  the  boost  converter  has  the  following  advantages 
over  the  buck  in  photovoltaic  applications: 

•  Current  rating  of  MOSFET  in  boost  converter  is  lower  as 
compared  to  buck  converters. 

•  Boost  converters  require  high  inductance  to  achieve  current 
ripple  as  compared  to  buck  converters. 

•  Buck  converters  require  a  large  capacitor  to  smooth  discontin¬ 
uous  input  current. 

•  Freewheeling  diode  can  serve  as  a  blocking  diode  in  the  boost 
converter,  however  this  is  an  additional  component  in  buck. 
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Fig.  22.  Two  input  current  fed  full  bridge  converter. 


3.2.  Reliability 

Reliability  of  the  converters  can  be  determined  by  two  factors. 
One  factor  is  the  number  of  common  components  in  the  circuit 
and  other  is  the  stress  on  each  component.  Buck-boost,  Cult  and 
SEPIC  converters  have  more  number  of  passive  devices  and  have 
high  electrical  stress  on  components  like  switches,  diodes  and 
capacitors,  therefore  these  topologies  are  less  reliable  as  compared 
to  buck  and  boost  converters  [55,56], 

3.3.  Flexibility 

Flexibility  can  be  defined  as  the  compatibility  of  the  topology 
with  different  kinds  of  input  sources.  As  the  main  objective  of 
multiinput  converters  are  to  combine  different  input  sources  to 
provide  the  desired  output  therefore  the  topology  input  interface 
is  very  important.  The  topology  should  be  able  to  integrate 
different  input  sources  and  provide  wide  range  of  output  voltages. 
Cult  and  SEPIC  converters  are  better  in  flexibility  as  their  input 
currents  are  continuous  and  ripple  free  and  at  the  same  time  these 
are  able  to  step  up  or  step  down  the  input  voltage  [57,58], 

3.4.  Efficiency 

In  terms  of  efficiency  buck  and  boost  converters  are  considered 
as  the  most  efficient  topologies  among  the  non-isolated  category 

[57,59], 

Table  1  shows  a  comparison  of  non-isolated  DC-DC  converter 
topologies.  The  table  is  explained  as,  the  sign  shows  the 
attribute  of  topology  under  the  each  heading.  More  numbers  of 
signs  indicate  that  the  topology  is  better  as  compared  to  others 
i.e.  “***”  is  better  than  “**”  which  is  better  than 


4.  Multiinput  isolated  DC-DC  converters 

Topologies  of  non-isolated  converters  are  Fly  Back,  Forward, 
Push  Pull,  Full  Bridge  and  Half  bridge  converters  [60],  Forward  and 
Fly  Back  converters  are  used  for  low  voltage  and  low  power 
applications.  But  in  high  power  density  and  high  output  voltage 


Ts 

Fig.  23.  Typical  current  and  voltage  waveforms  for  two  input  full  bridge  converter. 


applications,  these  are  not  suitable.  As  discussed  in  the  section 
above,  the  non-isolated  converters  are  preferred  over  isolated 
converters  in  low  voltage/low  power  applications  therefore  Fly 
back  and  Forward  converters  will  not  be  discussed  in  the  present 
work.  In  medium  to  high  voltage  and  power  applications,  bridge 
converters  (half  bridge,  full  bridge)  are  more  suitable  [61].  There¬ 
fore  these  have  been  examined  in  detail. 
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4. 1.  Multiinput  full  bridge  converter 

A  family  of  a  multiport  bi  directional  DC-DC  converters  is 
presented  in  [62]  a  general  method  to  integrate  multiple  sources  is 
defined.  Multiple  sources  are  interconnected  without  addition  of 
extra  conversion  stages  or  switches  and  are  controlled  by  digital 
controller.  A  multiport  structure  for  hybrid  power  sources  utilizing 
single  power  processing  stage  presented  in  [63].  Using  bidirec¬ 
tional  switches  and  magnetic  coupling  several  multiport  bidirec¬ 
tional  topologies  proposed  are  extended  to  poly-phase  interleaved 
versions  to  integrate  source,  load  and  storage.  A  method  for 
synthesis  of  multiinput  isolated  DC-DC  converter  is  explained 
with  the  introduction  of  pulsating  voltage  cells  [28],  A  multi-input 
full  bridge  DC-DC  converter  with  a  multiwinding  transformer  and 
based  on  addition  of  flux  is  shown  in  Fig.  22.  This  converter 
combines  two  input  sources  of  different  amplitudes  by  adding  the 
magnetic  flux  produced  in  transformer  core.  It  consists  of  two 
current  sources,  a  three  winding  transformer  and  an  output  port. 
The  number  of  input  sources  can  be  increased  while  the  output 
port  and  the  coupling  transformer  remain  the  same.  Magnetic  flux 
is  produced  by  input  current  sources  through  current  fed  DC/AC 
inverter.  Each  switch  of  AC/DC  inverter  has  a  diode  in  series  which 
blocks  the  reverse  current  to  ensure  the  simultaneous  transfer  of 
power  from  both  the  sources.  Input  and  output  stage  windings  are 
wound  on  the  same  core  so  that  the  flux  linked  by  each  source  can 
entirely  pass  through  the  output  stage  winding.  The  output  stage 
consists  of  an  AC/DC  rectifier  and  filters.  Transfer  of  power  takes 
place  when  the  switches  at  the  diagonal  position  of  full  bridge 
converter  are  turned  ON.  The  power  is  not  transferred  when  two 
consecutive  switches  of  either  leg  of  full  bridge  converter  are 
turned  ON.  This  is  called  free-wheeling  state  of  the  converter. 
A  phase  shift  PWM  scheme  in  implied  to  control.  Twelve  modes 
of  operation  are  explained  [12,64,65],  Voltage  and  current  wave¬ 
forms  are  shown  in  Fig.  23.  Steady  state  average  voltage  across  the 
inductor  is  given  by: 

Vli=  (^1-  n’V»)6’>2+  VsiO-di)T^=0  (22) 

where  Mi  and  n3  are  the  number  of  turns  for  first  and  third 
windings  of  the  transformer,  Vsl  is  the  input  voltage  of  source  one, 
Vn  is  the  voltage  across  the  inductor,  Q\  is  the  phase  shift 
percentage  for  input  source  one,  V0  is  the  output  voltage  and  Ts 
is  the  time  of  switching. 


The  relationship  between  input  source  one  and  output  voltage 
can  be  derived  as 

Vsi=^dtV0  (23) 

n3 

Similarly  the  relationship  between  input  source  two  and  output 
voltage  can  be  derived  as 

Vs2  =  (24) 

n3 

where  02  is  the  phase  shift  percentage  for  second  input  source. 

This  converter  can  deliver  power  individually  and  simulta¬ 
neously  however  the  reverse  current  blocking  diode  connected 
in  series  with  the  switch  eliminates  the  chance  of  converter's 
operation  in  bidirectional  mode.  Furthermore  large  number  of 
switches  and  complex  controller  increases  the  cost,  reliability  and 
size  of  the  converter.  A  converter  with  less  components,  simple  in 
configuration,  low  cost  and  high  efficiency  for  high  voltage  output 
applications  is  presented  in  [66].  Another  simplified  multiinput 
full  bridge  DC-DC  converter  is  proposed  and  analyzed  by  Yang 
et  al.  [67],  In  this  configuration  the  power  switches  are  switched 
out  of  phase  with  a  double  phase-shift  control  strategy  and  the 
switches  with  simultaneous  turn  OFF  are  shared.  This  control 
scheme  reduces  switching  devices  which  makes  the  circuit  simple. 
Voltage-fed  controlled  dc  sources  can  deliver  energy  to  load 
individually  and  simultaneously  with  soft-switching  technology. 
Converter  structure  is  shown  in  Fig.  24  and  key  waveforms  are 
shown  in  Fig.  25.  A  high  step-up,  high  voltage  bidirectional  dual 
input  current  source  type  isolated  converter  is  investigated  by  Wai 
et  al.  [68],  To  avoid  the  switching  voltage  spikes  introduced  by 
leakage  inductance,  an  active  clamping  circuit  is  used  and  to 
reduce  output  voltage  ripple  this  configuration  applies  a  pulse 
width  modulation  interleaved  method.  Three  states  of  operation 
are  examined  to  achieve  the  advantages  like  soft  switching, 
isolation  between  source  and  load,  bidirectional  operation,  high 
efficiency  and  high  voltage  step  up  ratio. 

A  ZVS  full-bridge  DC-DC  converter  with  two  additional  switches 
to  interrupt  circulating  current  is  able  to  achieve  high  efficiency  and 
excellent  power  regulation  as  reported  in  [69],  A  method  for 
reducing  the  components  of  soft  switching  multiinput  converters 
is  addressed  by  Yu  and  Kwasinki  [70].  An  input  cell  reduction 
method  is  introduced  first  by  inserting  a  reverse  blocking  capacitor 
between  input  legs  which  eliminates  the  condition  of  symmetric 
duty  cycles  to  maintain  the  balance  voltage  at  magnetizing 


Fig.  24.  Double  input  full-bridge  DC-DC  converter  simplified  form. 
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Fig.  26.  Dual  input  current  fed  DC-DC  converter. 


inductor.  Two  new  topologies  of  multiinput  converters  are  derived 
with  fewer  components  as  compared  to  the  conventional  ones.  A 
two  input  current  fed  DC-DC  converter  based  on  four  transformers 
interconnection  structure  is  proposed  for  fuel  cell  and  super 
capacitor  applications  [71,72]  as  shown  in  Fig.  26.  Interleaved  pulse 
width  modulation  scheme  along  with  new  method  for  transformer 
interconnection  are  used  to  deliver  energy  to  high  voltage  DC  bus. 
Analyses  have  been  carried  out  in  dual  and  single  output  mode.  In 
order  to  improve  the  performance  of  the  proposed  converter, 
methods  to  increase  the  number  of  inputs  and  reduce  the  magnetic 
elements  are  also  discussed.  The  converter  has  two  independently 
controlled  input  ports  with  low  input  current  ripple.  The  transfor¬ 
mers  are  shared  by  both  the  inputs  but  winding  connections  of  four 
transformers  are  complex  to  handle. 


A  systematic  approach  to  convert  a  single  port  full  bridge 
converter  to  three  port  is  explained  in  [73]  A  multiport  isolated 
DC-DC  converter  for  hybrid  storage  system  is  presented  in  [74], 
the  converter  is  able  to  achieve  zero  voltage  switching  for  all 
switches  with  bidirectional  power  flow  and  low  current  ripples, 
however  the  operation  modes  of  the  converter  are  not  fully 
explained. 

4.2.  Multiinput  half  bridge  DC-DC  converters 

The  half-bridge  converter  (HBC)  is  one  of  the  basic  topologies 
with  isolation  and  the  primary  switches  are  usually  operated 
alternately  or  complementary  while  the  input  capacitors  in  a 
HBC  can  be  regarded  as  voltage  sources.  When  the  two  switches 
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Fig.  27.  Multiinput  ZVS  bi-directional  DC-DC  converter. 


HB1 


Fig.  28.  Triple  half-bridge  bidirectional  DC-DC  converter. 


are  driven  with  symmetrical  signals,  which  are  identical  to  each 
other  with  180-degree  phase  shift,  the  converter  is  called  symme¬ 
trical  half  bridge.  For  the  one  with  complementary  driving  signals, 
it  is  called  asymmetrical  half  bridge. 

A  bi-directional  DC-DC  converter  comprising  of  three  half 
bridges  is  presented  in  [75]  and  shown  in  Fig.  27.  The  converter 
is  used  to  interface  multiple  energy  storage  elements  with  two 
half  bridges  on  low  voltage  side  and  one  half  bridge  on  high 
voltage  side.  This  converter  can  deliver  the  power  in  either 
directions  with  different  voltage  levels  and  can  achieve  soft 
switching  and  has  less  number  of  components  and  high  efficiency 
as  compared  to  the  multiinput  full  bridge  topologies.  Control 
analysis  and  dynamic  design  of  this  converter  is  presented  with 
double  loop  control  system  in  [76],  However  in  case  of  mismatch 
between  source  and  load  voltage  and  under  light  load  conditions, 


zero  switching  cannot  be  achieved  due  to  wide  variation  of 
voltages  [77], 

A  multiinput  bi-directional  converter  using  boost  half  bridge 
cells  is  used  to  handle  voltage  variations  at  the  ports  using  phase 
shift  and  duty  cycle  control  and  it  also  minimizes  switching  and 
conduction  losses  in  a  fuel  cell  based  generation  system  [78]  and 
in  a  photovoltaic  plus  battery  storage  system  in  [79].  This  concept 
is  further  elaborated  in  a  three  port  converter  as  shown  in  Fig.  28 
using  one  boost  half  bridge  and  two  other  half  bridges.  These 
bridges  generate  high-frequency  voltage  controlled  by  a  phase 
angle  and  this  high  frequency  voltage  is  applied  to  corresponding 
winding  of  the  high  frequency  transformer.  The  advantage  of 
phase  shift  plus  pulse  width  modulation  control  is  over  phase 
shift  control,  as  proposed  in  [57],  is  that  peak  and  rms  values  of 
current  are  reduced  however  as  all  the  ports  are  controlled  by 
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Fig.  29.  Three  Port  modified  half  bridge  topology. 
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Fig.  30.  Steady  state  waveforms  for  three  port  half  bridge  topology. 


same  duty  cycle,  only  one  port  voltage  is  allowed  to  vary  in  this 
control  scheme  as  compared  to  volt-second  balance  control 
method  where  all  the  port  voltages  may  vary.  As  the  high 
frequency  current  passes  through  the  half  bridge  capacitors  there¬ 
fore  this  converter  is  not  suitable  for  high  power  applications  [80], 
Xie  et  al.  [81  ]  examined  a  half  bridge  multiinput  converter  is  with 
dual  close  loop  and  decoupling  network  control  scheme  to  obtain 
better  dynamic  response. 

A  tri-modal  three  port  half  bridge  converter  is  obtained  by 
adding  one  middle  branch  to  a  two  port  half  bridge  converter 
to  achieve  zero  voltage  switching  and  bi-directional  properties 
[82,83],  Converter  structure  is  shown  in  Fig.  29  and  waveforms  are 
shown  in  Fig.  30.  The  work  is  further  extended  to  design  a  system 
level  control  strategy  in  a  satellite  platform  power  system  in  [84], 
Modeling  and  control  of  three  port  converter  using  decoupling 
network  presented  in  [82-84]  is  further  elaborated  for  satellite 
applications  in  [10].  The  steady  state  relationship  between  vol¬ 
tages  of  different  ports  in  continuous  conduction  mode  can  be 
obtained  by  applying  volt-second  balance  theorem  on  primary 
and  secondary  side  inductors. 


On  primary  side: 

VbiD^  =(Yi„  —  Vbi)D2  (25) 

which  gives  battery  voltage 

v“=Drn^  (26) 

where  Vbi  is  battery  voltage,  Vin  is  the  input  voltage  D3  and  D2  are 
the  duty  cycles  of  switches  S  and  S2 

Similarly  applying  volt-second  balance  on  secondary  side 
inductor  gives: 

DiT(nVbi-  V0)  +  D2T(nVin  —  nVbi-  V0)-(i  -  D, -D2)TV0  =  0  (27) 

Vo  =  2  D]°2  nVin  (28) 

where  V0  is  output  voltage,  n  is  the  turn  ratio  for  the  transformer 
and  T  is  the  switching  time. 

The  steady  state  currents  can  be  obtained  by  applying  power 
conversion  principle  by  assuming  lossless  converter: 

Vinhn  =  V bi  Ibi  +  V0I0  (29) 

where  Iin  is  average  input  current  Ibi  is  the  battery  current  and  I0  is 
the  load  current. 

A  three-port  half-bridge  converter  derived  from  integration 
of  half-bridge  and  forward  fly  back  converters  and  synchronous 
rectifiers  is  presented  in  [85],  shown  in  Fig.  31  and  key  waveforms 
are  shown  in  Fig.  32.  The  primary  circuit  of  half  bridge  and  fly  back 
converters  act  as  a  buck  converter  to  interface  renewable  energy 
source  and  a  storage  device.  The  advantages  of  this  integrated 
converter  are  lower  number  of  components,  low  cost,  small  size 
and  weight  as  no  extra  components  are  added  in  basic  half  bridge 
structure.  The  control  system  is  comprised  of  pulse  width  mod¬ 
ulation  (PWM)  and  feedback  control  structure.  Converter  is 
suitable  for  hybrid  energy  system  where  extra  available  energy  is 
stored  in  the  battery.  It  can  operate  in  three  modes  i.e.  dual  input, 
dual  output  and  single  input  mode.  In  dual  output  mode  there  are 
three  switching  states  are  explained  in  one  switching  period. 


Switching  State  I:  before  this  state  switches  S3  and  S4  are  ON 
and  S|  and  S2  are  OFF.  The  inductor  current  freewheels 
through  S3  and  S4.  In  this  state  S3  is  switched  ON  and  S4  is 
turned  OFF.  A  positive  voltage  is  applied  across  the  transformer 
and  current  through  the  magnetizing  inductor  of  the  transfor¬ 
mer  is  given  by: 


Vin-  Vb 
dt  Lm 


(30) 
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Fig.  31.  Three  port  half  bridge  converter. 
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Fig.  32.  Waveforms  of  three  port  half  bridge  topology. 


and  the  current  through  the  output  inductor  is 

d/i.„  =  n(Vj„  —  Vb)-V0 
dt  L0 

and  the  total  current  on  primary  side  is 

Ip  =  i  Lm  +  ii  ho  (32) 


Switching  State  II:  switches  Sr  and  S3  are  turned  OFF  and  S2 
and  S4  are  switched  ON.  A  negative  voltage  applies  at  the 
primary  winding  of  the  transformer  and  the  inductor  currents 
are 


d^=  -  Vb 
dt  Lm 


(33) 


dILa  _  rHVin-  Vb)-V0 
dt  L0 

and  the  total  current  on  primary  side  is 


Ip  —  Ilm  ~  nlio 


(35) 


Switching  State  III:  the  switch  S2  is  OFF  and  S3  is  ON.  In  this  state 
primary  voltage  is  clamped  to  zero  and  the  currents  ILm  and 
ILo  are  freewheeled  by  switches  S3  and  S4. 


(36) 


dlu=  zXl 

dt  L0 


(37) 


Ip=  0 


(38) 


By  applying  inductor  volt-second  balance  theorem  on  magne¬ 
tizing  inductor  of  the  transformer  and  output  filter  inductor  in 
steady  state  continuous-conduction  mode  we  get  the  input-out- 
put  voltage  relationship  as 


V<„  = 


(D  i  +  D2)V6 
D, 


(39) 


V0  =  n[Di(Vj  n—  Vb)  +  VbD2]  =  2nD2Vb  (40) 

where  Dj  and  D2  are  the  duty  cycles  of  the  switches  St  and  S2, 
Vb  is  battery  voltage  and  V0  is  output  voltage. 

A  multiinput  converter  developed  from  boost  half  bridge  and  full 
bridge  cells  is  presented  with  the  features  like  dual  input  ability, 
reduces  number  of  power  devices,  high  voltage  conversion  ratio  as 
compared  to  boost  converter  and  ZVS  operation  [86],  The  disadvan¬ 
tages  of  this  converter  are  its  complex  design  and  control  system. 
A  series  asymmetrical  half-bridge  converter  is  presented  for  high- 
voltage  and  power  applications  [87],  It  consists  of  two  series  half¬ 
bridges  with  a  shared  primary  leakage  inductance,  transformer,  and 
secondary  rectifier.  The  advantages  of  this  topology  are  that  the 
voltage  stress  across  the  switch  is  reduces  to  half  of  the  input  voltage, 
switching  losses  are  reduces  by  ZVS  for  all  switches  and  voltages 
across  input  capacitors  are  balanced  automatically.  This  topology  can 
be  extended  for  multiinput  applications.  A  current  fed  multiresonant 
bi-directional  half  bridge  DC-DC  converter  is  presented  in  [88],  The 
major  advantages  of  this  converter  are  low  input  current  ripple,  high 
step  up  capability  and  low  active  switches  however  the  phase  shift 
controlling  of  the  converter  is  not  explained. 


5.  Challenges  and  future  scope  of  work 

Multi-input  converters  have  made  tremendous  improvement 
in  the  past  few  years.  However  literature  review  suggests  that 
there  are  some  limitations  still  to  be  addressed.  These  limitations 
are  elaborated  below  and  also  summarized  in  Table  2. 


•  Multiinput  converters  and  can  deliver  the  power  individually 
and  simultaneously  to  the  load,  however  during  the  light  load 
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Table  2 

Limitations  in  multi-input  DC-DC  converters. 


Converter  topology 

Cited  references 

Limitations 

Multi-input 

[14-18,20-32,66-71 ,76,81 ,86] 

No  energy  storage  device 

[15,19,44,52] 

No  simultaneous  energy  transfer 

[18,19] 

High  power  loss,  low  efficiency,  high  number  of  components 

[50,51] 

Complex  control,  bigger  size,  high  cost 

Multi-output 

[33-43] 

Only  one  input  source,  no  storage  device 

Three  port 

[45-49,73,78-80,82-84] 

Less  reliable  (only  one  source) 

conditions  and/or  when  both  the  sources  are  available,  no 
storage  device  is  present  to  store  the  extra  available  energy 

[14-18,20-32,66-71,76,81,86], 

•  Only  one  source  can  power  up  the  load  at  a  time  [15,19,44,52], 

•  High  power  loss,  low  efficiency,  and  more  number  of  switches 
[18,19], 

•  Low  efficiency  [29-31], 

•  Only  one  renewable  energy  source  (less  reliable)  [45-49,73,78- 
80,82-84], 

•  Increased  size  and  cost  due  to  two  inductors  [50,51], 

•  Unidirectional  operation,  no  storage  port  [15,64,65], 

•  Too  many  active  switches  and  complex  control  system  [70,71], 

Renewable  energy  sources  are  expected  to  be  the  major  share¬ 
holder  in  future  power  generation  industry.  Efficient  and  reliable 
power  electronics  interface  is  required.  Several  power  electronics 
converters  have  been  presented  in  the  above  study  to  indepen¬ 
dently  address  the  issues  like  high  multiinput-multioutput  inter¬ 
face,  high  efficiency,  reliability,  low  cost,  minimum  number  of 
components  and  less  power  loss,  but  no  single  circuitry  is  available 
which  can  collectively  address  these  issues.  Further  research  is 
required  to  develop  a  circuitry  which  can  provide  a  good  match 
between  instantaneously  changing  sources  and  variable  loads. 

6.  Conclusion 

Several  multiinput  DC-DC  converters  topologies  have  been  pre¬ 
sented  in  the  literature.  General  rules  for  converting  single  input 
converters  to  multiinput  converters  have  been  reviewed.  Synthesis  of 
multiinput  converters  has  been  discussed.  Literature  suggests  that 
multiinput  converters  have  reduced  the  problems  associated  with 
single  input  converters  and  enhanced  the  interface  of  different 
renewable  sources  which  can  deliver  power  individually  and  simul¬ 
taneously  to  the  load.  The  use  of  multiinput  converters  in  renewable 
energy  applications  and  hybrid  vehicles  has  reduced  the  cost  for 
integration  due  to  their  minimum  components  and  reduced  switch¬ 
ing  losses  with  the  use  of  lossless  soft  switching  circuits  and  has 
increased  reliability  and  power  security.  Three  port  converters  have 
gained  popularity  in  renewable  energy  applications.  This  concept  of 
three  port  converters  can  be  further  enhanced  to  the  development  of 
multiinput-multioutput  converters  for  renewable  energy  and  hybrid 
vehicle  applications.  However  the  study  of  different  multiinput  DC- 
DC  converter  topologies  suggests  that  there  is  no  single  topology 
which  can  handle  the  entire  goals  of  cost,  reliability,  flexibility  and 
modularity  single  handed.  Efforts  are  continued  to  make  multiinput 
converters  and  their  control  schemes  more  efficient  and  cost  effective 
for  integration  of  renewable  energy  sources  and  other  applications. 
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